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Ribosomal proteins assist the assembly and increase the stability of ribosomal RNA, without requir-
ing ATP for their action. Some ribosomal proteins are also known to have essential functions outside
the ribosome, i.e. promiscuity of functions that appears to correlate with their structural disorder.
Here we addressed if certain ribosomal proteins with RNA chaperone activity and with a signiﬁcant
level of disorder also have protein-chaperone activity in vitro. Four proteins of the large subunit of
Escherichia coli ribosome, L15, L16, L18 and L19 have been tested in three chaperone assays, in which
all of them exhibited potent chaperone activity, commensurable with that of heat shock protein
90 kDa. These observations highlight possible novel aspects of the promiscuous functions of ribo-
somal proteins outside of the ribosome.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
RNA frequently misfolds into structurally stable but biologically
inactive structures [1]. To counter the ensuing adverse effects, a
great variety of RNA chaperone proteins have evolved, which pro-
mote the formation of the native RNA fold and/or stabilize it [1–3].
Such activities of ribosomal proteins (RPs) have been studied in
great detail, as they are indispensable in the proper assembly
and functioning of the ribosome [4], which is critical for normal
cell function [2,5,6]. RNA chaperoning by RPs requires no energy
from ATP hydrolysis [7], and occurs in a mechanistically ill-deﬁned
manner, most probably by virtue of rather non-speciﬁc interac-
tions between RNA and disordered region(s) of the chaperone
[8]. The crystal structure of the ribosome of several species has
been solved, and the structure of individual RPs in complex with
ribosomal RNA is known at atomic resolution [9,10], with well-de-
ﬁned interaction sites [2]. However, the bound structures are not
necessarily relevant within the relation of the unbound form, in
which structural disorder of RPs has also to be taken into account
[11]. RPs have been reported to be partially unfolded [12,13] orchemical Societies. Published by E
DTT, dithio-threitol; GSH,
t shock protein 90 kDa; IDP,molten globule-like [14,15] in isolation, i.e. they belong to the
class of intrinsically disordered proteins (IDPs) [8,16–18]. Their
ATP-independent chaperone activities probably conform to the
‘‘entropy-transfer” mechanism [16] suggested to elucidate the
mechanism of IDP chaperones, such as MAP2 [19], alpha-synuclein
[20] and dehydrins [21,22].
RPs are also known to have extra-ribosomal functions [23] real-
ized through interactions with RNA, DNA or, on occasion, with
other proteins. S10, for example, forms a complex with Nus B
and exerts anti-termination activity in mRNA transcription [24].
L5, L11 and L23 interact and inhibit Mdm2 oncoprotein, which
leads to the stabilization of p53, cell-cycle arrest and apoptosis
[25]. Another astonishing activity of non-ribosomal RNA-binding
proteins is the combined RNA and protein-chaperone activity.
B23 plays a role in the assembly of the ribosome, and has genuine
protein-chaperone activity in preventing protein aggregation and
promoting the reactivation of inactive enzymes [26,27]. These
and other extra-ribosomal functions of RPs, and the rather non-
speciﬁc chaperone activity possibly enabled by structural disorder
raise the idea that these proteins may have dual chaperone activi-
ties, and may be able to assist the folding of both RNA and proteins.
To check these inferences, we have studied the protein-chaperone
activity of four Escherichia coli proteins of the large (50S) ribosomal
subunit. The selected proteins (L15, L16, L18, and L19) have signif-
icant chaperone activity in a trans-splicing assay [7], and also dis-
play a level of structural disorder in solution in vitro or in silicolsevier B.V. All rights reserved.
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pear as effective protein chaperones, with activities commensura-
ble with that of heat shock protein 90 kDa (Hsp90). Borrowing
terminology from the ﬁeld of protein phosphorylation, where pro-
tein kinases of promiscuous activities are denoted as ‘‘Janus
kinases” [29], we propose a novel term ‘‘Janus chaperone” to cover
the phenomenon of chaperones that can assist the folding of both
RNA and proteins.2. Materials and methods
All chemicals were obtained from Sigma–Aldrich or Fluka.
2.1. Protein expression and puriﬁcation
E. coli RPs L15, L16, L18 and L19 were overexpressed in
BL21(DE3) cells and puriﬁed as described previously [7]. Chicken
Hsp90/pMAL (provided by Dr. Csaba S}oti, Department of Medical
Biochemistry, Semmelweis University) was expressed in BL21
(DE) cell line, and puriﬁed on amylose resin (New England Biolabs)
according to the protocol provided by the supplier. The fused tag
was removed via proteolysis with Factor Xa, and removed by an
anion exchange puriﬁcation step. Hsp90 was then dialysed against
15 mM NaH2PO4, 50 mM NaCl, 1 mM EDTA, 0.5 mM BA, 0.1 mM
PMSF, pH 7.5, and stored at 20 C.Fig. 1. Predicted disorder of E. coli ribosomal proteins L15, L16, L18 and L19. Predictions
from NCBI (L15: P66072, L16: P02414, L18: P0C020, and L19: P0A7K8). Residues with diso
while probabilities near – but still below – 0.5 indicate probable molten globule-like re2.2. Structural prediction
The prediction of structural disorder was performed via PONDR
VSL1 algorithm [30]. Amino acid sequences were taken from NCBI
(L15: P66072, L16: P02414, L18: P0C020, and L19: P0A7K8).
2.3. Thermal inactivation of alcohol dehydrogenase
Two microns of yeast alcohol dehydrogenase (ADH, Sigma–Al-
drich) was mixed either with RP at 1 lM concentration, 1 lM
Hsp90 or 1 lM BSA as controls in 100 mM NaH2PO4 100 mM NaCl,
pH 8.8. The samples were incubated on ice for 5 min prior to the as-
say. The reaction solution was then placed into a 43 C water bath
and the enzyme activity was determined every 10 min, measured
by adding incubated ADH to a ﬁnal concentration of 67 pM into
reaction solution (1.25 mM EtOH, 2 mM NAD+, 100 mM NaH2PO4,
pH 7.5). The increase in absorbance of NADH at 340 nm was fol-
lowed at room temperaturewith a JASCOV-550 spectrophotometer.
2.4. Chemical inactivation of lysozyme
The reduction of disulﬁde bonds was carried out with dithio-
threitol (DTT, Sigma), which causes unfolding of the enzyme with
a concomitant loss of activity. Inactivation of chicken egg lysozyme
was carried out in 50 mM Tris, 150 mM NaCl, 2 mM EDTA 20 mM
DTT at pH 7.5. Lysozyme (3.4 lM) was incubated alone or in thewere performed with PONDR VSL1 algorithm with the amino acid sequences taken
rder probability above 0.5 are considered to be structurally disordered (grayed out),
gions.
Fig. 3. Effect of ribosomal proteins on the thermal inactivation of ADH. 2 lM ADH
was treated at 43 C alone (j) or in the presence of 1 lM BSA (d), 1 lM Hsp90 (N)
or 1 lM of either L15 (h), L16 (s), L18 (D) and L19 (}). The activity is given as
percent of the ‘‘zero time” value of the ADH experiment without addition; ﬁgure
shows a typical experiment.
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The enzyme activity was determined every 5 min by adding
lysozyme to a ﬁnal concentration of 68 pM into 0.1 mg/mL Micro-
coccus lysodecticus cell-wall preparation (Sigma) suspended in a
buffer of 20 mM NaH2PO4, pH 7.0, at 25 C. The decomposition of
the cell-wall suspension was followed for 1 min in a Jasco FP-
6300 spectroﬂuorimeter, at 450 nm extinction and emission
wavelengths.
2.5. Lysozyme refolding assay
The assay was performed as described before [31,32]. Brieﬂy,
the reactivation of denatured and reduced lysozme was initiated
by rapid 4 dilution of 3 mg/mL lysozyme (in 8 M UREA) into
refolding buffer (100 mM Tris, 100 mM NaCl, 1 mM EDTA,
0.5 mM reduced glutathione (GSH), 0.1 mM oxidized glutathione
(GSSG), pH 8.5) in the presence or in the absence of RP, and vor-
texed brieﬂy. The assays were performed with 49 lM lysozyme
with the addition of either 20 lM of RP, 1.1 lM Hsp90 or 20 lM
BSA. Refolding was followed at 20 C for 80 min. The enzyme activ-
ity was determined every 10 min by adding lysozyme to a ﬁnal
concentration of 0.78 lM into 0.1 mg/mL M. lysodecticus cell-wall
suspension in 20 mM NaH2PO4, pH 7, at 25 C. The decomposition
of the cell-wall suspension was followed for 1 min in a Jasco V-550
spectrophotometer, at 450 nm.
Activities were normalized to a native lysozyme solution of
known concentration. Native and reduced lysozyme concentra-
tions were determined by absorbance at 280 nm (E1% = 2.63 and
2.37, respectively).
3. Results
The PONDR prediction of L15, L16, L18 and L19 (Fig. 1) shows
that these protein have signiﬁcant disordered and molten
globule-like regions, but contain structured regions as well. These
results are in correlation with the NMR data of L16 [14] and L18
[28], and suggest that without the support of rRNA, these proteins
are partially unstructured and/or have molten globule-like
characteristics.
All four RPs have chaperone activity with the substrates alcohol
dehydrogenase (ADH) and lysozyme, in three different chaperone
assays. A chaperone is expected to assist its substrate protein in
regaining and/or retaining active conformation (as schematically
depicted in Fig. 2), and is usually measured through changes in
activity and/or rate of aggregation of a model substrate protein,
such as ADH or lysozyme, under stress conditions.Fig. 2. General scheme of chaperone function. In the presence of chaperones the
inactivation and subsequent aggregation of substrate proteins is inhibited (or at
least slowed down), while reactivation of inactive proteins is made possible (or
sped up). All established chaperone assays are based on the measurement of either
activity or aggregation of model substrate proteins under various stress conditions.The RPs prevent the loss of ADH activity caused by heat-induced
deactivation. Residual enzyme activity in their presence is 60% or
higher after 60 min of incubation, whereas in the absence of RPs
the activity is practically lost by about 30 min (Fig. 3 and Table
1). The efﬁciency of RPs is comparable or even higher than that
of Hsp90, in particular in the case of L19. Under identical condi-
tions BSA had practically no effect.
The RPs are also effective in preventing lysozyme from reduc-
tive unfolding and deactivation. They strongly protect lysozyme
against deactivation under oxidizing conditions, with about 80%
of activity retained after 25 min in their presence, but only 20%
in their absence (Fig. 4 and Table 1). Their protection is comparable
to that of Hsp90, BSA having no effect again.
To check for a possible role of RP chaperones in assisting the
acquisition of the active conformation of lysozyme, its reactivation
was followed in an equilibrated redox system with and without
RPs. Their presence increased the extent of reactivation signiﬁ-
cantly compared to the spontaneous reaction (Fig. 5 and Table 1).
Lysozyme alone regained 40% of its native activity by 60 min,
whereas L16, L18 and L19 increased the extent of refolding to
about 65%, while L15 had even higher activity (80%). Hsp90
showed no chaperone activity in the refolding reaction, most prob-
ably due to the weak denaturing conditions used in the assay. The
denaturing agent may have partially damaged the tertiaryTable 1
Relative chaperone activities of ribosomal proteins. Chaperone activities of RPs are
expressed relative to the chaperone activity of Hsp90. Activities within a particular
measurement were background-corrected by subtraction of activity observed without
additions and divided by the background-corrected activity of the Hsp90 experiment.
ADH loss of activity Lysozyme loss of activity Lysozyme reactivationa
BSA 12.44% ± 6.92 67.58% ± 2.66 70.63% ± 1.67
Hsp90 100% ± 8.35 100% ± 3.36 72.96% ± 1.94
L15 114.49% ± 7.53 183.01% ± 3.01 224.68% ± 2.35
L16 135.76% ± 7.62 120.37% ± 3.19 178.48% ± 2.86
L18 134.32% ± 8.19 188.74% ± 2.77 201.13% ± 1.54
L19 125.62% ± 8.08 231.3% ± 4.49 198.73% ± 3.51
a In the case of the lysozyme refolding experiment, activity was only corrected to
lysozyme background activity (cf. Section 3). The table shows S.D. of three parallel
experiments.
Fig. 4. Effect of ribosomal proteins on the chemical inactivation of lysozyme.
3.4 lM lysozyme was treated with DTT either without additions (j), or in the
presence of 1 lM BSA (d), 1 lM Hsp90 (N) or 1 lM of either L15 (h), L16 (s), L18
(D) and L19 (}). The enzyme activity is given as percent of the ‘‘zero time” value of
the particular experiment; ﬁgure shows a typical experiment.
Fig. 5. Effect of ribosomal proteins on the refolding of denatured lysozyme.
Reactivation of lysozyme was initiated with rapid dilution into reactivation buffer.
The recovery of 49 lM lysozyme enzyme activity was followed at 20 C alone (j),
or in the presence of 15 lM BSA (d), 1 lM Hsp90 (N) or 20 lM of either L15 (h),
L16 (s), L18 (D) or L19 (}) for 60 min; enzyme activity was measured by the
decrease of absorbance of Micrococcus lysodecticus cell-wall suspension at 450 nm.
The activities were related to that of native lysozyme; ﬁgure shows a typical
experiment.
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activity. BSA did not show any effect.
Although RPs act as potent chaperones in the assays above, they
showed no protective activity in two further assays, chemically
induced aggregation of insulin and heat-induced aggregation of
citrate synthase (data not shown).
4. Discussion
RPs characterized in this work have stable structures when they
are part of the ribosome [9,10], but they show the characteristics of
structural disorder when studied in isolation [13,14,33]. They showRNA-chaperone activities in a trans-splicing assay [7], and in this
work we have demonstrated that they are also potent protein
chaperones, with activities occasionally exceeding that of a classi-
cal protein chaperone, Hsp90. This observation has several ramiﬁ-
cations, as discussed below.
It was shown before that functional promiscuity (moonlighting)
of proteins shows correlation with structural disorder [34]. The RPs
analyzed have the characteristics of being partially disordered and/
or having molten globule-like structure, with the unstructured re-
gions extending over a part of the total protein, about 30%, while
the other parts show molten globule-like characteristics according
to the structure prediction and the solution structure of L16 and
L18. At the core of the moonlighting concept is the notion that dis-
ordered regions of proteins may exert distinct effects due to their
ability to bind unrelated proteins or even the same protein in dif-
ferent locations/conformations. This structural adaptability might
be relevant with the observed promiscuous chaperone behavior,
i.e. chaperoning both RNA and proteins. IDPs are known to recog-
nize their partners by short recognition elements, termed linear
motifs [35,36], preformed structural elements [37] or molecular
recognition features [38]. Because several such motifs may be
accommodated within a disordered region, some conferring RNA-
and others protein-binding ability, this model enables the same
protein to have several distinct activities.
It should be noted that not even classical chaperones are per-
fectly speciﬁc, but have activities on a range of client proteins
[39]. In this sense, the moonlighting or Janus activity of RPs is only
surprising in light of the radically different chemical nature of RNA
and protein. However, such promiscuous Janus chaperone activity
has already been observed in the case of the nuclear protein nucle-
olin, which has both protein [40] and RNA [41] chaperone activi-
ties, and has a high proportion of predicted disorder.
Another intriguing question is the possible physiological role of
the observed Janus activity of RPs. A census of RP functions [23] has
shown that RPs participate in about 15 functions outside of the
ribosome. The shown protein-chaperone function could extend
this list of extra-ribosomal functions by further four RPs. In many
cases, these functions are established through RNA- or DNA-
binding, such as regulation of transcription, translation, splicing
or folding. These functions are less of a surprise, given that RPs
have evolved to recognize nucleic acids. Several of their functions,
however, are carried out by protein binding, which suggests that at
least some RPs are also able to speciﬁcally recognize proteins. Their
expression is tightly regulated in the cell, in a quiescent cell they
usually bind to the ribosome and stabilize it and only a small por-
tion of RPs can be found in the cytosol. However most of the extra-
ribosomal functions are important also at low protein level.
This scenario is of particular relevance probably during fast cell
cycle, when the protein expression is extremely rapid. In this per-
iod the expression ratio of RPs is high compared to quiesce state,
nevertheless the level of free protein is still relatively low and
tightly controlled [5,42]. In this case free RPs can complement
the chaperone machinery of the cell, by assisting the folding of
newly synthesized proteins. By their extra talents with chaperone
effect, RPs may turn out to be essential in the synthesis phase of
the cell by virtue of freeing up resources for quicker maturation
and cell division with less energy consumption. Another aspect is
the importance of chaperones under stress conditions, when the
translational mechanism is stopped abruptly and refocused to
transcribe only essential (stress) proteins. The majority of ribo-
somes is disassembled and a lot of RPs are freed up. Though these
are prone to rather fast degradation [42], their presence and chap-
erone activity can be crucial in the ﬁrst minutes of stress reaction.
In short, their promiscuity may increase the viability of the cell
under various conditions.
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